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Self-affine roughness influence on the pull-in voltage in capacitive
electromechanical devices
G. Palasantzasa
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Received 15 March 2005; accepted 25 June 2005; published online 11 August 2005
In this work we investigate the influence of self-affine roughness parameters on the pull-in voltage
in capacitive microelectromechanical devices. The capacitor plate roughness is considered as
self-affine type, which is described by the roughness amplitude w, the lateral correlation length ,
and the roughness exponent H. By comparing the influence of the three parameters, we confirm that
not only the long-wavelength roughness parameters w and , but also the short-wavelength fine
roughness details, as described by the roughness exponent H, play a major role. Therefore, the
proper characterization of the involved surface roughness and its evolution at all relevant length
scales are necessary to gauge properly the performance of associated devices. © 2005 American
Institute of Physics. DOI: 10.1063/1.2005376
I. INTRODUCTION
Microelectromechanical MEM devices are no longer
niche applications but they represent potential system for
present and future technologies. Electrically supported mi-
crostructures become unstable under a nonlinear electrostatic
force beyond an applied voltage, which is called the pull-in
voltage.1–4 A capacitive microelectromechanical system
MEMS has been proposed for use as a dc voltage transfer
standard in metrology.1–5 In any case, the pull-in voltage de-
pends only on a spring constant and geometrical properties.
The moving plate of a parallel-plate capacitor, which is sus-
pended by single-crystal silicon springs, can be very stable in
comparison to Zener diodes. However, the latter have an
inherent 1 / f noise and long-term stability limitations.6
The capacitive devices can be designed to operate at any
voltage between, e.g., one and several hundred volts. Device
stability can be achieved with the use of feedback electron-
ics, so that the noise of the dc voltage reference is mostly
from mechanical sources.5 When a dc voltage Vp is applied






is generated, where x is the deflection, d is the gap at zero
deflection, A is the capacitor plate area, Cflat=A /d is the
capacitance for x=0 zero deflection, and  is the dielectric
constant Fig. 1. The mechanical force Fmech=−kx, with k a
spring constant, opposes the electrostatic force Fel to restore
the position. The maximum voltage that can be applied to the
device or the pull-in voltage is given by.1
Vpi,f = 8kd227Cflat , 2
assuming the capacitor plates are flat. In reality, however,
surfaces are never perfectly smooth on nanometer length
scales and usually roughness develops through the growth
process of metal-deposited films e.g., kinetic roughening
and stress release that will serve as electrodes or capacitor
plates.
In this work we shall consider the influence of roughness
for the case of random self-affine rough plates. In this case,
besides of the rms roughness amplitude w and the lateral
correlation length , the short-wavelength roughness could
aAuthor to whom correspondence should be addressed; electronic mail:
g.palasantzas@rug.nl FIG. 1. Illustrative schematic of the capacitor-spring system.
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also play a critical role. The latter is characterized by a
roughness exponent H0H1, which is a measure of the
degree of surface irregularity.7,8 Notably, this type of mor-
phology occurs during metal film growth, which is necessary
for various systems designed to operate with metal elec-
trodes as capacitors in MEMS.9–11
II. BRIEF THEORY OF CAPACITORS WITH ROUGH
PLATES
Consider a parallel-plate capacitor with only one rough
electrode surface and the other one smooth. In order to cal-
culate the electrical capacitance, one needs to solve the
Laplace equation for the electrostatic potential  between
the capacitor planes 2x ,y ,z=0, obeying the boundary
conditions x ,y ,z=0=0, and x ,y ,zb=Vp, where zb=d
+h with h the roughness fluctuations and = x ,y the
two-dimensional position vector is the rough electrode sur-
face held at potential Vp.12 Perturbation theory up to second









d  dk dkf2kkhkhk − ke−ik·zˆ
−
Vp
d  dkf3khke−ik·ikVpd  dk
 dkf4khkhk − ke−ik·ik , 3
where f1=coshkz / sinhkd, f2= coshkdcoshkz /
sinhkdsinhkd, f3=sinhkz / sinhkd, and f4
= coshkdsinhkz / sinhkdsinhkd. The capacitance
calculation is as follows: the surface charge density  on the
rough capacitor plate is given by =E · nˆ with nˆ= h
− zˆ / 1+ h21/2 being the unit vector normal to the rough
surface plate at z=d+h. Upon ensemble average over
possible roughness configurations assuming statistically sta-
tionary surfaces up to second order or hkhk
= 24 /A	hk	2	k+k, as well as assuming weak sur-
face roughness or 	h	1, the average electric capacitance
C= Q /V=
ds /V is given by12







where Qc= /ao with ao of the order of atomic dimensions.
Furthermore, calculation of the roughness influence in Eq.
4 requires knowledge of the roughness spectrum 	hk	2.
III. RESULTS AND DISCUSSION
Indeed, a wide variety of surfaces and interfaces appear-
ing in various physical systems i.e., films grown under non-
equilibrium conditions possess self-affine roughness.7 In
this case, the roughness spectrum 	hk	2 shows the power-
law scaling 	hk	2
k−2−2H if k1, and 	hk	2
const if







with a=1/2H1− 1+aQc22−H0H1, and a
=1/2 ln1+aQc22H=0.8 Note that small values of
H0 characterize extremely jagged or irregular surfaces,
while larger values of H1 surfaces with smooth hills and
valleys.7




= 1 + 2
w2










where upon substitution for the pull-in voltage we obtain,




w2, the dependence of the pull-in volt-
age on the roughness amplitude is rather simple, while any
more complex dependence will arise from the roughness pa-
rameters H and .
Figure 2 shows calculations of the pull-in ratio as a func-
tion of the lateral correlation length  for various roughness
exponents H. The variation as a function of the correlation
length  is more drastic for smaller roughness exponents H.
This is indicative of the fact that short-wavelength rough-
ness, which is characterized by the roughness exponent H,
can strongly alter the influence of long-wavelength rough-
ness as it is expressed, e.g., by the lateral correlation length
. Indeed, as the roughness exponent H increases from 0 to 1,
the pull-in voltage is strongly influenced at a comparable or
even larger magnitude than that of the lateral correlation
length .
Figure 3 shows the direct variation as a function of the
roughness exponent H for different plate separations d. It is
clearly illustrated that the direct influence of short-
wavelength or power-law roughness which is becoming in-
FIG. 2. Pull-in voltage ratio Vpir /Vpif vs correlation length  for various
roughness exponents H.
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dependent on plate separation for distances ddo





sinhkdok	hk	2dk. The latter yields an effective value
for do10 nm. In this case the pull-in voltage obtains the
simpler expression since the second term on the right-hand
side of Eq. 6 ceases to contribute see also Appendix,
Vpi,r  Vpi,f1 + w2
a2
 11 − H 1 + aQc221−H − 1 − 2a−1/2.
8
Figure 4 shows the influence of the plate separation with
evolving correlation length . In order to obtain the correct
limiting form for H=1, one has to employ the identity
lnu=limm→01/mum−1. Therefore, from Eq. 8 we
have for H=1 the simple form Vpi,rVpi,f1+ w2 /a2ln1
+aQc22−2a−1/2.
In order to gauge the influence of all roughness param-
eters, Fig. 5 shows also the direct dependence of the pull-in
voltage ratio on the roughness amplitude w. Indeed, more
pronounced variation with increasing correlation length 
takes place for larger values of the roughness amplitude w.
At any rate, if we compare the influence of all roughness
parameters from Figs. 2, 3, and 5 we can infer that not only
the long-wavelength roughness parameters w and , but also
the short-wavelength fine roughness details, as they are de-
scribed by the roughness exponent H, play a major role on
the magnitude of the pull-in voltage.
So far we neglected any influence by the evolution of
growth front. However, upon metal film deposition which is
commonly encountered in MEMS, surface roughness can
evolve with deposition time  Refs. 7 and 8 as, for ex-
ample, w with 1 the so-called growth exponent and
1/z with z the dynamic exponent. Indeed, if we consider
for simplicity the case of relatively significant separation so
that Eq. 8 to apply, if the scaling exponents , z, and H
satisfy the relation z=H / normal self-affine growth,7,13,14
then the local surface slope is time invariant of the growth
process. As a result it will contribute a constant factor on the




aHw2 /2H and w2 /2Hconst assuming H
1 and Qc1, see also Eq. A2 in Appendix. If, how-
ever, the condition z=H / is not fulfilled anomalous self-
affine growth13 then the local slope evolves with the film
deposition and that will lead to changes of the pull-in volt-
age. Moreover, the local slope can also increase logarithmi-
cally with deposition time as rmsln where due to
insufficient surface diffusion of deposited metal atoms a
groove instability develops leading to anomalous scaling13
that will also lead to the pull-in voltage dependence on depo-
sition time of the form Vr,piVflat,pi1−C ln.
IV. CONCLUSIONS
In summary we have examine the influence of character-
istic self-affine roughness parameters on the pull-in voltage
behavior. If we compare the influence of all roughness pa-
rameters we can infer that not only the long-wavelength
roughness parameters w and , but also the short-wavelength
roughness fine roughness details, as they are described by the
roughness exponent H, play a major role. Therefore, the
proper characterization of the involved surface roughness in
MEMS is necessary in order to gauge properly their perfor-
mance. Note also that upon metal film deposition, which is
commonly encountered, the in MEMS surface roughness can
evolve,7,8,13 which is also a factor that has to be taken into
account.
FIG. 3. Pull-in voltage ratio Vpir /Vpif vs roughness exponent H for various
plate separations d.
FIG. 4. Pull-in voltage ratio Vpir /Vpif vs correlation length  for various
capacitor plate separations d.
FIG. 5. Pull-in voltage ratio Vpir /Vpif vs correlation length  for various
roughness amplitudes w.
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APPENDIX
Equation 4 is valid for weak roughness or small aver-
age local surface slopes. The latter is given by rms
=	h	21,14
rms = 24A 0kQc k2	hk	2dk1/2. A1
Therefore, under the condition of weak slopes Eq. 8 obtains
the form to first order
Vr,piVflat,pi1 − w22a2 11 − H 1 + aQc221−H − 1 − 2a .
A2
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